T-cell acute lymphoblastic leukemia (T-ALL) is a high-risk subset of acute leukemia, characterized by frequent activation of Notch1 or AKT signaling, where new therapeutic approaches are needed. We showed previously that cyclin-dependent kinase 6 (CDK6) is required for thymic lymphoblastic lymphoma induced by activated AKT. Here, we show CDK6 is required for initiation and maintenance of Notch-induced T-ALL. In a mouse retroviral model, hematopoietic stem/progenitor cells lacking CDK6 protein or expressing kinase-inactive (K43M) CDK6 are resistant to induction of T-ALL by activated Notch, whereas those expressing INK4-insensitive (R31C) CDK6 are permissive. Pharmacologic inhibition of CDK6 kinase induces CD25 and RUNX1 expression, cell cycle arrest and apoptosis in mouse and human T-ALL. Ablation of Cd25 in a K43M background restores Notch-induced T leukemogenesis, with disease that is resistant to CDK6 inhibitors in vivo. These data support a model whereby CDK6-mediated suppression of CD25 is required for initiation of T-ALL by activated Notch1, and CD25 induction mediates the therapeutic response to CDK6 inhibition in established T-ALL. These results both validate CDK6 as a molecular target for therapy of this subset of T-ALL and suggest that CD25 expression could serve as a biomarker for responsiveness of T-ALL to CDK4/6 inhibitor therapy.
INTRODUCTION T-cell acute lymphoblastic leukemia (T-ALL) is a malignancy of immature T lymphocytes treated with complex combination chemotherapy that is generally effective at inducing remission of the disease. However, a high proportion of T-ALL patients suffer relapse, possibly because the available therapies do not eradicate leukemic stem cells that initiate and sustain the disease. Treatment options for patients with relapsed or refractory T-ALL are limited. Agents such as nelarabine and clofarabine induce responses in o20% of patients. It is thus imperative to develop new therapies for T-ALL directed against specific targets in leukemic cells. 1 More than half of T-ALLs have activating NOTCH1 mutations [2] [3] [4] or abnormalities in the PTEN-AKT pathways. 5, 6 Small-molecule gamma-secretase inhibitors (GSIs), which block a critical proteolytic step required for NOTCH1 activation, have activity against T-ALLs with NOTCH1 mutations but not those with PTEN deficiency or constitutively active AKT. 5 The clinical development of GSIs in T-ALL has been hampered by gastrointestinal toxicity, whereas therapeutic responses to GSIs are modest and transient. 7 In addition to acquired loss-of-function mutations in PTEN, 5, 8 GSI resistance may also develop in a small subset of primary T-ALL cells through BRD4dependent epigenetic chromatin modifications that sustain expression of several NOTCH target genes, including MYC, BCL2 and CDK6. 9 To improve the efficacy of human T-ALL therapy, it is necessary to inhibit both the Notch and PTEN pathways or to target a common downstream effector. It would also be desirable to identify additional biomarkers for predicting response to targeted therapy, as all patients with T-ALL are currently treated similarly regardless of the underlying pathogenesis.
Cyclin-dependent kinase 6 (CDK6) regulates the G 1 -S phase transition by phosphorylating the retinoblastoma protein (pRB). 10 It also binds to RUNX1 and promotes its degradation, 11 thereby having a cell cycle independent role. There is currently much interest in CDK6 and the closely related CDK4 kinase as targets for cancer therapy. CDK4 is required for breast carcinogenesis in a mouse model, 12 and the CDK4/6 inhibitor palbociclib (PD0332991) was recently approved by the US Food and Drug Administration for treatment of women with estrogen receptor-positive, human epidermal growth factor receptor-negative metastatic breast cancer in combination with the aromatase inhibitor letrozole. In T-lymphoid malignancies, cyclin D2 is dysregulated via chromosomal translocations in a subset of T-ALL, 13 whereas CDK6 is overexpressed in T-ALL cells 14 and the CDK6 locus amplified in a quarter of peripheral T-cell lymphomas. 15 Two recent studies have shown that a CDK4/6 inhibitor can block proliferation and induce apoptosis in mouse T-ALLs induced by activated Notch1, 16, 17 but the relevant CDK target and molecular mechanisms involved were not defined.
To address the role of CDK6 kinase activity in development and tumorigenesis, we have produced both knockout (KO) and knock-in mice by introducing a LoxP-flanked transcriptional STOP cassette into intron 1 of the Cdk6 gene adjacent to the intact/mutant exon 1. 18, 19 In the presence of the STOP cassette CDK6 expression is prevented, resulting in a null allele (Cdk6 -/or KO). Upon excision of the cassette by causes recombination (CRE) recombinase, the CREreactivated wild-type (WT) allele or the mutant alleles express WT or mutant CDK6, respectively, from the endogenous locus with intact regulatory controls. The knock-in mutants include CDK6 R31C (R31C), a hyper-active, inhibitor-resistant kinase that cannot interact with INK4 family inhibitor proteins, 20 and a catalytically inactive kinase, CDK6 K43M (K43M). 19 The R31C mutant mimics hyperactivation of CDK6 in tumor cells, whereas the catalytic inactive K43M mutant models pharmacological inhibition of kinase activity.
Our previous studies demonstrated that that CDK6 is required for thymocyte development and for precursor T-cell lymphoma induced by activated AKT. 18, 19 Here, we tested the role of CDK6 kinase activity in T-ALL and demonstrate that CDK6-mediated repression of CD25, α chain of IL2R, is required for induction of T-ALL by activated Notch, whereas induction of CD25 mediates the therapeutic response to CDK6 inhibition in established T-ALL. These studies validate CDK6 as a therapeutic target in human T-ALL and suggest that CD25 expression could serve as a biomarker for response of T-ALL patients to a CDK6 inhibitor.
MATERIALS AND METHODS Mice
Generation of different Cdk6 mutant mice and K43M;Cd25 -/mice has been published. 18, 19 We backcrossed mice bearing the KO, R31C and K43M alleles eight times to C57BL/6. All experiments were performed according to the guidelines of the Institutional Animal Care and Use Committee of Tufts Medical School.
To induce specific deletion of Runx1 or Rb in thymocytes, we crossed Runx1 fl/fl or Rb fl/fl and K43M;Runx1 fl/fl or K43M;Rb fl/fl mice with LCK-Cre transgenic mice to induce specific deletion of Runx1 or Rb. Lack of RUNX1/RB expression in the thymocytes was confirmed by PCR using primers described 21, 22 and by western blotting.
Virus
MigR1 retroviral vectors expressing intracellular domain of notch (ICN)green fluorescent protein (GFP) or ICN-DsRed were kindly provided by Drs Jon Aster (Brigham and Women's Hospital, Boston, MA, USA) and Harald von Boehmer (Dana-Farber Cancer Institute, Boston, MA, USA), respectively. We constructed retroviral expression vectors (MigR1-ICN-CRE-GFP) co-expressing active Notch (ICN) with a GFP-CRE fusion protein. 23 We also constructed a retroviral expression vector (MigR1-GFP-CDK6) carrying the mouse Cdk6 cDNA.
Induction of Notch-induced leukemia by retroviral transduction and transplantation
We induced Notch-induced leukemia by retroviral gene transfer as described. 24, 25 We isolated Lin -Kit + (LK) BM cells by flow cytometry and transduced them twice by spin infection with high-titer, helper-free replication-defective ICN retrovirus stock. We injected retrovirally transduced GFP + cells (~3 × 10 5 ) via tail vein into sub-lethally irradiated C57B6 recipients. We monitored the recipients for disease by analyzing peripheral blood or different tissues, including thymus, spleen, BM and lymph nodes, for the presence of CD4 + CD8 + double-positive (DP) cells.
For double retroviral transduction experiments as described in Figure 3 , isolated K43M-LK cells were transduced with ICN-internal ribosome entry site (IRES)-DsRed virus (ICN-DsRed) together with either with Cdk6-IRES-GFP (CDK6-GFP) or IRES-GFP (GFP) virus by spin infection. Approximately, 3 × 10 5 cells (~10-15% transduction efficiency of double-transduced cells) that expressed both DsRed and GFP were isolated by flow sorting and injected into sub-lethally irradiated C57B6 recipients.
Drug treatment
For in vivo treatment with LEE011, we induced T-ALL by injecting 10 6 leukemic cells derived from WT-ICN, Cd25 -/--ICN and K43M;Cd25 -/--ICN leukemic mice into sub-lethally irradiated C57B6 recipients via tail vein. The recipients were treated with LEE011 (200 mg/kg daily by gavage) or vehicle (0.5% methycellulose) for 46 days beginning 2 weeks post transplantation when GFP + cells were detected in the peripheral blood. After 7 days of treatment, we collected cells from blood to analyze apoptosis, cell cycle composition and expression level of CD25 by fluorescence-activated cell sorting analysis using staining with Annexin V, 7AAD, propidium iodide and anti-CD25 antibody and by western blotting, using apoptosis marker cleaved caspase-3 (#9664, CST).
Statistical methods
For most experiments, the sample size was chosen based on expected differences between experimental and control groups in order to provide adequate power to detect a significant difference specifying α = 0.05, two-tailed testing and power ( = 1 − β) of 80%, using commercially available software packages (Statistical Solutions nQuery Advisor; http:// www.statsol.ie/nquery/nquery.htm). For transplantation experiments, our control cohorts are typically designed to have fairly tight incidence curves, allowing the experiment to be adequately powered with recipient cohorts of n = 8-12 subjects. For animal experiments, because of the total absence of leukemia phenotypes in Cdk6 loss-of-function backgrounds, operator blinding was not feasible.
RESULTS

CDK6 kinase activity is required for induction of T-ALL by activated Notch1
To determine if CDK6 kinase activity is required for T-cell transformation by activated Notch, we used a mouse retroviral leukemia model. 24 We sorted hematopoietic Linc-Kit + (LK) stem/ progenitor cells from BM of WT, KO, K43M and R31C mice, and transduced the sorted cells with retrovirus expressing the activated, intracellular form of human Notch1 (ICN) together with GFP (Supplementary Figure S1a ). Consistent with previous reports, 24 transduction of WT/R31C LK cells with activated ICN1 led to the appearance of T-ALL, manifested by CD4 + CD8 + DP T cells in 100% of recipient mice. Gross and microscopic examination (Figure 1a and Supplementary Figure S1b ) showed that WT-ICN1/R31C-ICN but not KO-ICN1 and K43M-ICN1 recipient mice had markedly enlarged spleen, thymi (data not shown), lymph nodes and liver (data not shown) due to extensive infiltration of organs by cells morphologically consistent with lymphoblasts. 24 The circulating white blood cells in each of the WT-ICN1 and R31C-ICN1 recipient mice increased 5-7 weeks post-bone marrow transplantation (BMT) to 26-72 × 10 3 /μl (normal range: 1.8-10 × 10 3 /μl), as did the number of GFP + splenocytes (Supplementary Figure S1c ). As expected, all animals became moribund by 8 weeks post-BMT ( Figure 1b ). Flow cytometry confirmed the presence of GFP + -DP T cells in thymi, blood and spleen ( Figure 1c ). Similar results were also found in analyses of cells isolated from BM and lymph nodes from each mouse (data not shown). GFP + cells were further confirmed to express Thy1/CD90 (Supplementary Figure S1d ), but not markers for other hematopoietic lineages such as granulocytes, macrophages and B cells ( Supplementary Figures S1e and g) . In contrast, none of KO-ICN or K43M-ICN recipients had detectable GFP + DP/ CD90 + cells in thymus, blood and spleen during the observation period or at necropsy at 20 weeks BMT. Together, these data demonstrate CDK6 kinase activity is required for Notch1 to transform hematopoietic progenitors.
Transplantation (intravenous via tail vein) of 10 6 whole-BM cells from primary recipients of WT-ICN or R31C-ICN progenitors resulted in rapidly fatal T-ALL in secondary recipients, whereas similar transplants from KO-ICN and K43M-ICN recipients failed to induce leukemia (data not shown). This suggests that CDK6 is required for maintenance of leukemia-initiating cells in recipients of ICN-transduced stem/progenitor cells, as assessed by serial transplantation.
Loss of CDK6 kinase activity impairs the survival and proliferation of K43M-ICN progenitors The defect in Notch1-induced leukemogenesis in KO and K43M donor cells was not due to inefficient retroviral transduction (Supplementary Figure S2a ) or impaired homing to recipient BM and spleen following transplantation (Supplementary Figures S2b and c). At 3 weeks post transplant, when GFP + cells but not DP cells were still detectable in the peripheral blood (data not shown) and spleen ( Supplementary Figures S2d and e ) of K43M-ICN recipients, there was a marked reduction in the S/G2/M phase and an increase in the G 1 and sub-2n populations in GFP + splenocytes of K43M-ICN recipients relative to those of WT-ICN recipients (Figure 2a ). Flow cytometric analysis revealed that GFP + splenocytes from K43M-ICN recipients had significantly increased apoptosis compared with those from WT-ICN recipients (Figure 2b ), which was confirmed by increased levels of activated, cleaved caspase-3 ( Figure 2c ). 26, 27 Expression of ICN, albeit at lower levels than in WT-ICN recipients, confirmed the presence of retrovirally transduced cells in the GFP ± K43M-ICN splenocyte population. The lower levels of ICN expression in retrovirally transduced K43M progenitors motivated the examination of endogenous Notch1 levels in thymocytes. Lack of CDK6 or its kinase activity in thymocytes resulted in reduced levels of extracellular Notch1 protein, whereas constitutively active CDK6 (R31C) was associated with increased intracellular Notch1 (Supplementary Figure S2f ), suggesting an autoregulatory feedback of CDK6 on Notch1 levels and signaling. Together, these results suggest that loss of CDK6 kinase activity results in enhanced apoptosis and an impaired proliferative response of T-cell progenitors to activated Notch.
Re-expression of CDK6 in KO or K43M-LK cells rescues the defect in leukemogenesis
To demonstrate that the failure of ICN to induce T-ALL from KO and K43M BM is indeed due to CDK6 deficiency and not a consequence of decreased frequency or function of a particular BM target cell for transduction by the ICN retrovirus, we restored CDK6 expression in KO donor LK cells using a MigR1 retrovirus expressing a GFP-RE (CRE) fusion protein, 23 We also re-expressed CDK6 with ICN in K43M-LK cells by dual transduction with MigR1 retroviruses individually expressing ICN (ICN-IRES-DsRed; ICN-DsRed) 28 Figure S3i ) and organ infiltration with GFP + DsRed + lymphoblasts (Supplementary Figure S3j ) with a mixed CD4 + single positive and DP immunophenotype (Figure 3b , right panel) rather than the predominantly DP lymphoblasts observed in a WT background ( Figure 1c ). Splenocyte CDK6 protein levels in recipients of ICN-DsRed+CDK6-GFP-transduced K43M progenitors were significantly higher than those of ICN-DsRed+V-GFP recipients (Figure 3c , right panel). Taken together, these data indicate that re-expression of CDK6 in KO or K43M-K cells rescues the defect in leukemogenesis.
Ablation of Cd25 restores the ability of K43M-LK cells to induce leukemogenesis The higher levels of CD25 observed in KO and K43M thymocytes indicate that CDK6 kinase activity is essential to downregulate CD25 expression during normal thymocyte development. 18, 19 To determine the role of CD25 in Notch-mediated transformation, we isolated LK cells from K43M, CD25 -/and K43M;Cd25 -/-, and WT donors and induced T-ALL as described above. Lack of CD25 expression in leukemic (GFP + ) cells was confirmed by PCR (data not shown) and by flow cytometric analysis ( Supplementary  Figures S4a and c) . All Cd25 -/--ICN and Cd25 -/-;K43M-ICN recipients developed T-ALL. By 9 weeks post transplant, all Cd25 -/--ICN and K43M;Cd25 -/--ICN recipients (Figure 4a ) became moribund with a median survival of 53 days, which was not significantly different from that of WT-ICN recipients (58 days). The immunophenotype of T-ALL in Cd25 -/--ICN and K43M;Cd25 -/--ICN recipients (Figure 4b and Supplementary Figure S4d ) was similar to that of WT-ICN recipients (GFP + CD4 + CD8 + CD90 + ). These results demonstrate that ablation of Cd25 sensitizes K43M-LK cells to ICNmediated transformation and suggest that CDK6-mediated repression of CD25 is required for Notch-induced T-ALL.
Neither pRb nor RUNX1 is the effector that mediates CDK6dependent repression of CD25 and sensitivity to Notch transformation To investigate how alterations of CDK6 kinase activity may affect, at the molecular and cellular levels, Notch signaling in thymocyte development and transformation, we first explored if pRB, a known substrate of CDK6, mediates the effect of CDK6 on thymocyte CD25 expression. K43M;Rb1 fl/fl mice were crossed with LCK-Cre transgenic mice to induce specific deletion of Rb1 in thymocytes (Supplementary Figure S5a) . Consistent with a previous study, 17 deletion of Rb1 in the K43M background partially rescued some of the thymocyte defects seen in K43M mice, such as total thymocyte cellularity (Supplementary Figure S5b) . However, CD25 expression levels were similar in DN thymocytes from K43M and K43M;Rb1 fl/fl ;LCK-Cre mice and from WT and Rb1 fl/fl ; LCK-Cre mice (Supplementary Figure S5c) , indicating that regulation of CD25 expression by CDK6 is independent of pRB.
We also tested whether RUNX1, a transcription factor implicated in regulation of Cd25, 29, 30 that is phosphorylated by CDK6 on Figure S5d ), suggesting that CDK6 is the principal kinase mediating RUNX1 phosphorylation and destabilization in response to Notch signaling. 11 Consistent with previous observations, 32, 33 loss of RUNX1 reduced thymocyte number by~40% (Supplementary Figure S5e) . However, deletion of Runx1 in the K43M background did not rescue the reduced thymocyte cellularity seen in K43M mice (Supplementary Figure  S5e) . Moreover, deletion of RUNX1 did not affect the level of CD25 expression, comparing either between WT and Runx1 fl/fl ;LCK-Cre mice or between K43M and K43M;Runx1 fl/fl ;LCK-Cre mice (Supplementary Figure S5f) , indicating that regulation of thymocyte CD25 expression by CDK6 is independent of RUNX1.
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To test whether deficiency of either pRB or RUNX1 would substitute for loss of CD25 in rescuing leukemogenesis in K43M progenitors, we transduced LK cells from K43M;Rb1 fl/fl and K43M; Runx1 fl/fl donors with ICN-CRE retrovirus and transplanted the progenitors into irradiated recipients. Neither Rb1 nor Runx1 deletion restored T leukemogenesis in the K43M background ( Supplementary Figures S5g and h) , despite efficient deletion of the Runx1 fl/fl allele by the ICN-CRE retrovirus in a Cdk6 WT background (Supplementary Figure S5i) .
The forkhead transcription factor FoxM1 is highly expressed in Jurkat cells 34 and inhibition of FOXM1 increases chemosensitivity to doxorubicin in T-ALL. 35 Recently, CDK6 was shown to phosphorylate FOXM1, leading to stabilization of FOXM1 protein levels and stimulation of transcriptional activation. 36 Consistent with this, we found that KO/K43M thymocytes had lower FOXM1 levels than WT/R31C thymocytes (Supplementary Figure S5j) , whereas expression levels of CD25 are higher in KO/K43M thymocytes and lower in WT/R31C thymocytes. 18, 19 Similarly, palbociclib treatment reduced the level of FOXM1 protein in Figure S5k) . These data suggest that FOXM1 is potential regulator of CD25 expression downstream of CDK6 in normal and neoplastic thymocytes.
human HPBALL cells (Supplementary
CD25 mediates the therapeutic response to CDK6 inhibition in established T-ALL
To determine if CDK6 is a therapeutic target in established T-ALL, we treated ICN-induced mouse T-ALLs with LEE011 (LEE), a clinically relevant small-molecule inhibitor of CDK4 and CDK6 kinases, 37 for 46 days beginning 2 weeks post transplantation when GFP + cells were first detected in the blood. After 7 days of LEE treatment, WT-ICN recipients had a marked reduction in frequency of circulating GFP + leukemic cells (Figure 5a , left panel and Supplementary Figure S6a ) with increased apoptosis (Figure 5a , middle panel and Supplementary Figure S6b ). Leukemic cells from these mice demonstrated a prominent G 1 cell cycle arrest with an increased sub-G 1 population (Figure 5a , right panel and Supplementary Figure S6c ), suppression of pRB phosphorylation at S780 and induction of cleaved caspase-3 (Figure 5b) , accompanied by increased expression of CD25 (Figure 6a ). In striking contrast, both Cd25 -/and K43M;Cd25 -/recipients had little or no response to LEE treatment in vivo, manifested by persistence of circulating leukemic cells (Figure 5a , left panel and Supplementary Figure S6a) , and no effect of the drug on apoptosis (Figure 5b , middle panel and Supplementary  Figure S6b (Figure 6b, left panel) . Vehicletreated Cd25 -/--ICN recipients had a similar median survival of 20 days, although there was a modest but statistically significant improvement in survival of LEE-treated Cd25 -/--ICN recipients (median survival~30 days; Figure 6b , middle panel). In contrast, K43M;Cd25 -/--ICN recipients had virtually no response to LEE treatment, with a median survival of~18 days for vehicle-treated and 22.5 days for LEE-treated recipients (Figure 6b, right panel) . Collectively, these results indicate that CDK6 kinase activity is required for T-ALL maintenance, as inhibition of CDK4/6 blocks cell proliferation, increases CD25 expression and induces apoptosis. Loss of CD25 overrides the requirement for CDK6 kinase activity for Notch-mediated transformation, and renders the resulting leukemias insensitive to inhibition of CDK4/6.
Inhibition of CDK6 kinase activity upregulates CD25 and RUNX1 in human T-ALL cells
To extend our findings to human leukemia, we tested the response of four human T-ALL cell lines with constitutive active Notch1 mutations 2 to the CDK4/6 kinase inhibitor PD0332991 (PD; palbociclib). 38 PD treatment inhibited cell proliferation in all four cell lines, ranging from~4-to 14-fold reduction in the S/G 2 /M fraction and~40-90% increase in G 1 (Figure 7a ). PD treatment also induced CD25 expression in these GSI-sensitive T-ALL cells, with a~4-to 26-fold increase in the CD25 + population (Figure 7b) . Similarly, PD treatment also induced CD25 expression in five out of six T-ALL cells with WT Notch receptors, 39 with a~1.4-to 8-fold increase in the CD25 ± population (Supplementary Figure S7a and b), accompanying with inhibition of cell proliferation and increased dead cells ( Supplementary Figures S7c and d) . RUNX1 protein levels were also increased upon PD treatment (Figure 7c , left panel), whereas phospho-pRB S780 and phospho-RUNX1 S303 were reduced (Figure 7c, middle panel) . Moreover, PD treatment increased the level of total and CDK6-bound RUNX1 (Figure 7c , right panel). These results demonstrate that CDK6 regulates proliferation and represses RUNX1 and CD25 in Notch-mutant human T-ALL.
Whereas PD also inhibits CDK4 activity, 40 we used Cdk6-specific short hairpin RNA to examine the specific role of CDK6 in Notchmutant human T-ALL. In HPBALL cells, CDK6 was effectively knocked down by two previously validated Cdk6-short hairpin RNAs 41 leading to marked hypo-phosphorylation of pRB at S780 and RUNX1 at S303, respectively, upregulation of RUNX1 protein level (Figure 8a ), upregulation of CD25 protein level ( Figure 8b ) and inhibition of proliferation (Figure 8c ). Importantly, these changes were observed despite continuous expression of CDK4 (Figure 8a) . Thus, CDK6 is specifically required for phosphorylation of pRB and RUNX1, and for suppression of RUNX1 and CD25 expression in human T-ALL.
DISCUSSION
We have shown previously that CDK6 is required for T lymphomagenesis by activated AKT. 18 Here, we demonstrate a previously unrecognized yet critical role of CDK6 in mediating Notch-induced T-ALL. We have provided compelling genetic, physiological, histological, cellular and molecular evidence to demonstrate that CDK6 kinase activity is critical to induction of T-ALL by activated Notch1 in a mouse model. Donor cells lacking CDK6 protein or kinase activity are resistant to transformation by activated Notch as a consequence of reduced proliferation and increased apoptosis, effects also induced by CDK4/6 inhibitor treatment in vivo. Re-expression of CDK6 in Cdk6-deficient stem cells rescues this defect, arguing for a direct role of CDK6 downstream of Notch in leukemogenesis. Interestingly, the elevated CDK6 kinase activity in R31C progenitors did not result in increased aggressiveness of leukemia (as assessed by survival), possibly because increased apoptosis in R31C Lin-Sca-1+cKit+ (LSK) cells 19 offset the increase in proliferation, or because increased p16INK4a in R31C LSK cells bound to and inhibited CDK4, partially opposing the effect of CDK6 hyperactivation. 42 In complementary studies, others have shown that deletion of cyclin D3 (an activating partner of CDK4/6) or treatment with palbociclib-induced cell cycle arrest and apoptosis in mouse T-ALLs induced by activated Notch1 and prolonged survival of mice bearing these leukemias. 16, 17 As more than half of T-ALL patients have either Notch or AKT mutations, the fact that Notch and PI3K-AKT signaling pathways share CDK6 as a common effector suggests a novel and highly selective therapeutic strategy against T-ALLs. Interestingly, we observed an inverse relationship between CDK6 and CD25. CD25 expression is significantly higher in the thymocytes of KO and K43M mice. 19 Genetic deletion of Cd25 rescues most of the phenotypic defects in LSK production and early T-cell development caused by loss of CDK6 kinase activity, 19 and restored T leukemogenesis by activated Notch1 in the K43M background, underscoring an important role for CD25 in modulating the requirement for CDK6 kinase activity in Notchinduced T leukemogenesis. Consistent with this, CDK6 inhibition induced CD25 expression in mouse and human T-ALL cells harboring activated Notch1. Furthermore, CD25 + T-ALL cells were sensitive to CDK6 inhibition in vivo, whereas CD25-deficient T-ALLs were insensitive even though CDK6 was expressed. Interestingly, the survival of CD25 -/--ICN recipients treated with CDK4/6 inhibitor was modestly prolonged relative to vehicle-treated controls, suggesting that CD25 repression explains only part of the role of CDK6 in Notch1-driven T-ALL. Taken together, these data argue for a novel tumor suppressor role for CD25 in this genetic context, whereby ICN requires active CDK6 to downregulate CD25 for induction of T-ALL, and induction of CD25 mediates the therapeutic response to CDK6 inhibition in T-ALL. This, in turn, suggests that the baseline level of expression of CD25 and the CD25 response to short-term inhibition of CDK6 kinase activity could serve as a valuable biomarker for predicting the clinical response of human T-ALLs to a CDK4/6 inhibitor. Interestingly, CD25 was recently identified as a potential biomarker for response of a high-risk subset of acute myeloid leukemia to PIM inhibitors. 43 The precise mechanism of regulation of CD25 levels by CDK6 is under investigation. We observed an inverse relationship between CDK6 and RUNX1 in mouse and human T-ALL, suggesting that activated Notch downregulates Runx1, which is also repressed by TLX1/TLX3 transcription factors and functions as a tumor suppressor in some T-ALLs. 44, 45 However, RUNX1 is not an effector of CDK6 in modulating CD25 expression or leukemogenesis by activated Notch. Therefore, loss of RUNX1 may contribute to the pathogenesis of T-ALL in a CD25-independent manner, perhaps via decreased expression of PKCθ and reactive oxygen species. 46 Similarly, knockout of pRB does not alter CD25 expression nor does it rescue the defects in Notch-induced leukemogenesis associated with loss of CDK6 kinase activity, although deletion of pRB partially restores the development of K43M thymocytes. Another potential effector of CD25 expression downstream of CDK6 is FOXM1. Consistent with the observation that CDK4/6 stabilize and activate FOXM1 by phosphorylation, 36 we confirmed that deficiency of CDK6 kinase activity is associated with decreased FOXM1 protein levels in thymocytes. Whereas FOXM1 is generally considered a transcriptional activator, in breast cancer FOXM1 negatively regulates mammary differentiation by promoting methylation of the GATA3 promoter and thus repressing this key regulator of luminal differentiation. 47 We showed previously that expression of GATA3 is higher in KO/K43M thymocytes but lower in WT/R31C cells, 19 and GATA3 knockdown in differentiated T cells correlated with strong reduction of CD25 levels. 19 Moreover, the mouse GATA3 promoter contains three FOXM1 consensus sequences within 2 kb of the transcriptional start site, 47 and there are GATA factor consensus binding sequences within 1.3 kb and 4.0 kb of the transcriptional start sites of mouse 48, 49 and human [49] [50] [51] IL2RA genes, respectively. Therefore, it is possible that CDK6 regulates CD25 expression in part through increased FOXM1-mediated repression of GATA3.
In the setting of mouse or human T-ALL, it is known that activation of Notch (ICN) leads to activation of CDK6 via upregulation of CDK6 and/or by increased cyclin D3 protein. 52, 53 Phosphorylation of ICN1 by some kinases such as cyclin C-CDK3/8/19 promotes binding of ICN1 to FbW7, a ubiquitin ligase, which then triggers ICN1 polyubiquitylation and proteolytic degradation. 52 We noted that loss of CDK6 or its kinase activity in thymocytes resulted in reduction in extracellular domain of Notch1 protein, whereas constitutively activated CDK6 kinase was associated with an increase in levels of the intracellular domain of Notch1 (ICN; Supplementary Figure S2f ), altthough the mechanism is not known. These observations suggest that CDK6 might regulate directly the expression and activity of Notch1 and thus have a positive feedback effect on Notch1, which in turn upregulates CDK6. 53 In conclusion, our data reveal a previously unknown relationship connecting CDK6 to T-ALL through negative regulation of CD25 expression. Further studies will be required to define the mechanism through which loss of CD25 confers independence of CDK6 to Notch1-induced T-ALL. Whereas mouse and human T-ALL cells do not express a functional IL-2 receptor or respond to IL-2 stimulation, it is unlikely that IL-2 signaling per se is involved. It is possible that deletion of CD25 allows thymic precursors expressing constitutively active Notch1 to differentiate further to a state where proliferation is driven by another CDK, as suggested by palbociclib-resistant pRB phosphorylation in these leukemic cells (Figure 5b ). Uncovering this mechanism should reveal additional targets and strategies for pharmacological intervention in this deadly disease.
